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Ab initio calculations at the MRCI//ROHF/6-31G** level suggest that stable C,H, radical 
cations formed from dimethylene cyclobutene and 1,2,4,5-hexatetraene either retain the 
structure of the parent neutral molecule or isomerize to the benzene structure. The previous 
suggestion from photodissociation experiments that part of the ions from dimethylene 
cyclobutene isomerize to the 1,2,4,5hexatetraene structure is not supported by the present 
results. (J Am Sot Mass Spectrom 1997, 8, 594-598) Q 1997 American Society for Mass 
Spectrometry 
I t is well known that (collisionally induced dissocia- tion) mass spectra of benzene and many of its isomers show highly similar fragmentation patterns 
(see [ll for a review). In addition to this, studies of 
ion-molecule reactions of C,H, radical cations from 
different neutral precursors [2-51 and of their photo- 
dissociation and/or charge exchange ionization mass 
spectra [6-B] have shown that, depending on the inter- 
nal energy, these ions may isomerize to the benzene 
structure without decomposition. 
In a recent paper 191 from this laboratory, it was 
shown that semiempirical calculations give a clear, 
qualitative picture of the processes involved, which is 
in very good agreement with the experimental results. 
One of the conclusions of that work was that isomer- 
izations of linear C,H, radical cation structures to the 
benzene structure go either via the 1,3-hexadien-5-yne 
or via the 1,2,4,5-hexatetraene radical cation. The iso- 
merization of the 1,3-hexadien-5-yne radical cation to 
the benzene structure and to nonclassical ion struc- 
tures was discussed in a previous article [lo]. In the 
present article the isomerization of the 1,2,4,5-hexa- 
tetraene ion structure will be considered. From pho 
todissociation experiments on the dimethylene cy- 
clobutene radical cation [6] it was concluded that part 
of the ions ring open to the 1,2,4,5-hexatetraene struc- 
ture. For this reason the latter reaction is also included. 
Address reprint requests to Dr. W. J. van der Hart, L&den Institute of 
Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden, The 
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Methods 
Ab initio calculations using the 631G** basis set were 
performed with both the GAMESSUK 1111 and the 
Gaussian 94 [ 121 program packages. In previous calcu- 
lations [13] on the isomerization of C,H, radical 
cations, it was found that at crucial points on the 
potential energy surface, an unrestricted Hartree-Fock 
WI-IF) calculation may produce unacceptable values 
for the spin angular momentum (S2) as high as 1.0. In 
the present work, even an S2 value of 1.2 was ob- 
tamed in an UHF calculation on structure 3 (Figure 1). 
For this reason, stable ion structures and transition 
states were optimized at the restricted open-shell 
Hartree-Fock (ROI-IF) level. Transition states were 
tested by a calculation of the vibrational frequencies 
and by a visualization of the vibration corresponding 
to the single negative force constant by use of 
VIBRAM [ 141. For the optimized structures, multlrefer- 
ence configuration interaction (MRCI) calculations with 
single and double excitations were done with the Table 
CI ([15] and references cited therein) option of 
GAMESS-UK. In these calculations, excitations involv- 
ing the lowest 10 occupied and the highest 40 virtual 
molecular orbitals were not included (these latter or- 
bitals have an orbital energy higher than 2 hartree). All 
configurations that had a coefficient squared higher 
than 0.0025 in the final ground state wave function or 
higher than 0.0030 in the wave function for the second 
root (of the same symmetry) were used as reference 
configurations. The extrapolation threshold used in 
Table CI was set at 7.5 phartree, the lowest value 
compatible with the maximum number of 30,000 con- 
figurations in the final diagonalization. In Table CI the 
contribution of the remaining configurations is calcu- 
lated by perturbation theory. The MRCI values given 
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in Table 1 include a generalized Davidson size- 
consistency correction [16]. 
Results 
The reaction scheme considered is shown in Figure 1. 
This scheme is based on previous semiempirical re- 
sults [91. The ab initio results on the isomerization of 
the fulvene radical cation 5 via structure 6 to the 
benzene structure 7, included in Figure 1, were already 
discussed in a previous paper [17]. The final energy 
values at the ROHF and MRCI levels together with the 
zero-point energies (ZPE) calculated at the ROHF level 
are summarized in Table 1 and the energies in kilo- 
calories per mol relative to the ground state of the 
benzene radical cation are given in Table 2. 
In all cases the ab initio optimizations of both the 
stable ion structures and the transition states were 
started from the previously obtained semiempirical 
results 191. The optimization of structure 4 and the 
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Figure 1. The reaction scheme considered. 
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connected transition states Ts and T4 was rather 
straightforward and will not be discussed in further 
detail. This, however, does not apply to the dimethy- 
lene cyclobutene 1 and 1,2,4,5-hexatetraene ion struc- 
ture 2 and the transition state for ring opening of the 
dimethylene cyclobutene structure T, and to structure 
3 and the transition states connecting this latter struc- 
ture with other stable ion structures. These will be 
discussed in more detail. 
The Dimethylene Cyclobutene 1 and 1,2,4,5- 
hexatetrane 2 Radical Cation Structures and the 
Transition State Tl Connecting these Ion Structures 
Upon rotation of one of the CH, groups in the dimeth- 
ylene cyclobutene 1 and 1,2,4,5hexatetraene 2 radical 
cations, the structures change into ion structures that 
can be described as consisting of a charged odd- 
membered ?r-electron system with the unpaired elec- 
tron in a localized a-orbital (see Figure 2). As shown in 
previous papers [lo, 13,171, this type of ion structure 
can have a heat of formation comparable to that of a 
classical radical cation structure. It is, therefore, not 
surprising that the present ab initio calculations show 
that these ions are much more flexible than one should 
expect from the corresponding neutral molecules. 
Rotation of a CH, group in the dimethylene cy- 
clobutene radical cation does not produce a stable 
minimum geometry. Structure 1B appears to be a 
transition state. The barrier for rotation is calculated to 
be 20.6 kcal mole1 at the MRCI level after correction 
for the ZPE scaled by a factor of 0.89. At the ROHF 
level, rotation of a CH, unit in 1,2,4,!%hexatetraene 
leads to the stable minimum geometry 2B via the 
transition state 2C. The well depth, however, appears 
to be only 1.9 kcal mol-‘. At the MRCI level the well 
disappears; the MRCI energy of 2B is 1.6 kcal mol-’ 
higher than the energy of the ROHF transition state 2C 
between 2 and 28. We therefore conclude that 2B is in 
fact the transition state for rotation of a CH, group in 
the 1,2,4,5hexatetraene radical cation. The barrier for 
rotation then is calculated to be 12.6 kcal mol-‘, in- 
cluding the ZPE correction. 
The flexibility of the radical cations is of importance 
in the ring opening of the dimethylene cyclobutene 
radical cation to the 1,2,4,5hexatetraene structure. The 
ground state of the dimethylene radical cation, where 
the ?r-electron system is comparable to that of the 
1,3,5-hexatriene radical cation, has B, symmetry in C,, 
whereas the ground state of the cis-1,2,4,!%hexatetraene 
radical cation has A, symmetry (compare to the 1,3- 
butadiene radical cation). This means that, in C,, sym- 
metry, there is no direct correlation between the two 
ground states and, as a consequence, that in the transi- 
tion state, the symmetry will be lowered. It is, there- 
fore, not surprising that in the optimum geometry 
obtained for transition state T, a substantial difference 
between the CH,CCH units can be observed. In agree- 
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Table 1. SCF, MRCI and zero-point (ZPE) energies (hart& of the ion structures and transition 
states considered 
Dimethylene cyclobutene 1 
1B 
cisl,2,4,5-hexatetraene 2 
28 
Transition state 2C 
trans-1,2,4,5-Hexatetraene 
3 
4 
Fulvene 5’ 
6** 
Benzene 7’ 
TI 
T2 
T3 
T4 
T5 
%8 
T78 
SCF ZPE 
- 230.333331 0.101906 
- 230.313794 0.097922 
- 230.316332 0.098621 
- 230.304353 0.099231 
- 230.300157 0.097941 
- 230.319024 0.098187 
- 230.298365 0.099127 
- 230.351735 0.104158 
- 230.401340 0.104267 
- 230.369397 0.104552 
- 230.421222 0.105319 
- 230.258860 0.096896 
- 230.247644 0.093815 
- 230.273357 0.099745 
- 230.301375 0.100221 
- 230.286671 0.099070 
- 230.303401 0.102741 
- 230.337993 0.101732 
MRCI 
- 230.780886 
- 230.744477 
- 230.764173 
- 230.744588 
- 230.745968 
- 230.766929 
- 230.742959 
- 230.794660 
- 230.849193 
- 230.812758 
- 230.868588 
- 230.719291 
- 230.892843 
- 230.734619 
- 230.750973 
- 230.741823 
- 230.762606 
- 230.789376 
‘The MRCI values may be somewhat diffsrent from those in [171 because of a difference in the 
extrapolation threshold. 
ment with this difference, an intrinsic reaction coordi- 
nate calculation starting with T, did not show a con- 
nection between structures 1 and 2, but, instead, 
between 1 and 2B. As discussed in the foregoing text, 
structure 2 can be reached from 2B without a barrier. 
Structure 3 and the Connected Trunsifion States 
Structure 3 is one of the ion structures in Figure 1 that 
has a charged odd-membered velectron system and 
the unpaired electron in a localized a-orbital. It is, 
Table 2. Energies in kilocalories per mole relative to the benzene radical cationa 
MNDOb SCF MRCI Ex~.~ 
Dimethylene cyclobutene 1 
1B 
cis-1,2,4,5-Hexatetraene 2 
28 
2c 
transl,2,4,5-Hexatetraene 
3 
4 
Fulvene 5 
6 
Benzene 7 
T 
T2 
T3 
T4 
T5 
T6 
T7 
42 
53 
53 
69 
57 
13 
39 
0 
90 
90 
98 
103 
107 
78 
72 
53.2 53.2 49 
63.3 73.8 
62.1 61.8 
69.9 74.4 
71.8 72.8 
60.1 59.8 82 
73.6 75.4 
43.0 45.7 
11.9 11.6 14 
32.1 34.6 
0 0 0 
97.2 89.0 
102.5 103.9 
89.7 81.0 
72.4 71.0 
80.9 76.1 
72.5 65.1 
50.2 47.7 
a The ab initio values include the SCF zero-point energy scaled by a factor of 0.89. 
b Reference 9. 
‘Lias. 9. G.; Bartmess. J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D.; Mallard, W. G. J. Phys. Chem. 
Ref. Data, 1988, 77, SUPPI. 1. 
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Figure 2. Schematic of the ion structures obtained by rotation of 
a CH, group in the dimethylene cyclobutene and 1,2,4,5-hexa- 
tetraene radical cations. 
therefore, not surprising that its heat of formation at 
the MRCI level is only 13.6 kcal mol-’ higher than that 
of the classical cis-1,2,4Shexatetraene structure. The 
barrier for a ring closure of 3 via Ts to the fulvene 
structure 5, however, is calculated to be only 0.7 kcal 
mol-’ at the MRCI level. It follows that 3 cannot be 
considered as a stable ion structure. 
In addition, the barrier for a hydrogen shift via T2 
from the cis-1,2,4,5-hexatetraene structure 2 to struc- 
ture 3 appears to be 22.9 kcal mol-’ higher than the 
barrier for a ring closure of the cis-1,2,4,5-hexatetraene 
structure to structure 4. It thus follows that in the 
isomerization of the 1,2,4,5-hexatetraene radical cation 
to the benzene structure the pathway via structure 3 in 
Figure 1 will be of no importance. 
Discussion 
The final results are summarized in Figure 3, where 
the reaction path via structure 3 has been omitted. The 
highest barrier in the isomerization of the dimethylene 
cyclobutene radical cation to the benzene structure is 
calculated to be 89 kcal mol-’ = 3.86 eV. This value is 
close to 3.88 eV, the dissociation limit for the benzene 
radical cation [181. In this energy region the dissocia- 
tion of the benzene radical cation is very slow because 
of a competition between dissociation and relaxation of 
the internal energy by infrared emission 1181. Charge 
exchange ionization of 1,5-hexadiyne has shown that 
even at an internal energy 0.8 eV above the dissocia- 
tion limit a fraction of the molecular ions survive an 
isomerization to the benzene structure [B]. From these 
results we may conclude that the calculated barrier of 
89 kcal mol-’ is not too high for an isomerization of 
dimethylene cyclobutene radical cations without de- 
composition. 
All other barriers in Figure 3 are such that after ring 
opening of the dimethylene cyclobutene radical cation, 
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Figure 3. Final reaction scheme including the energies in kilo- 
calories per mole relative to the benzene radical cation. 
the internal energy is sufficient for an isomerization to 
the benzene structure. It thus follows from the values 
in Figure 3 that stable C,H, radical cations from both 
dimethylene cyclobutene and 1,2,4,5-hexatetraene will 
either retain the structure of the parent neutral 
molecule or isomerize to the benzene structure. From 
photodissociation experiments on the dimethylene cy- 
clobutene radical cation it was concluded in ref. 6 that 
part of the ions isomerize to the 1,2,4,5-hexatetraene 
structure. This conclusion is not in agreement with the 
present results. We do not have a clear explanation. It 
should be noted, however, that the conclusion in ref. 6 
was based on a small deviation from single exponen- 
tial photon induced decay in the high-wavelength wing 
of the observed photodissociation spectrum. It may 
well be that this deviation is not due to isomerized 
ions, but to a difference in light absorption between 
ions of different internal energy. 
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